Deferiprone has a broad spectrum of biological effects. Thus it is interesting to investigate the influence of structural changes in deferiprone on its biological activity. This work presents a synthesis of a new selenium analogue of deferiprone, 3-hydroxy-1,2-dimethyl-4(1H)-pyridineselenone (3-HDPSe), and an improved method for synthesis of a sulfur analogue of deferiprone, 3-hydroxy-1,2-dimethyl-4(1H)-pyridinethione (3-HDPT). The structures of the synthesized compounds were confirmed by means of IR, MS, 1 H NMR and 13 C NMR measurements. Single crystals of the selenium analogue were obtained and the crystal structure determined using X-ray diffraction. Additionally DFT (the B3LYP functional combined with the 6-311++G** basis set) theoretical calculations were conducted and the results compared with experimental data.
Introduction
Research on the application of 3-hydroxy-1,2-dimethyl-4(1H)-pyridinone, commonly known as deferiprone, started in R. Hider's laboratory in the 1980s. 1 Deferiprone has a simple structure ( Figure 1 ) and like other compounds in the group of 3-hydroxy-pyridin-4-ones has an -ketohydroxy fragment, which makes it a good chelating ligand capable of making complexes with various metal ions. Some compounds found in plants have similar capabilities of chelating metal ions, among them are maltol, mimosine and 1,2-tropolone with structures similar to that of deferiprone. 2 Due to its iron(III) ion chelation properties, deferiprone has been extensively studied and used in treating thalassemia in children 3 and adults. 4 Unlike desferrioxamine, which was used previously, deferiprone can be administered orally. 5 However, deferiprone, despite some advantages, also has some side effects. 6 Deferiprone is a good chelating agent not only for iron ions, but also ions of many other metals. It has been proved that Ga . 7 Deferiprone complexes with zinc are being investigated as a way to supplement the deficiency of this element in the human body. 8 There is still a need to find new good lead(II) binding ligands. This metal is a highly potent pollutant, harming the environment and posing a health threat. The ability of lead(II) ions to replace zinc and calcium ions in metalloproteins deprives them of their metabolic functions. 9 This is the reason why it is necessary to find ligands that would allow for selective removal of lead(II) ions. For this purpose, the sulfur analogues of maltol, 3-hydroxy-2-methyl-4-pyrone, and deferiprone, 3-hydroxy-1,2-dimethyl-4(1H)-pyridinone, were examined. These ligands form mononuclear complexes with Pb 2+ and Hg
2+
ions. The ratio of the ligands to the metal ions in the complexes was always 2:1. The most stable complexes among those investigated were examples where thiodeferiprone was used as ligand. 10 The research conducted by Sarangi et al. proved that replacing sulfur with selenium in the ligands strengthens the binding with copper ions.
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Thus our group decided to make an attempt to obtain the selenium analogue of deferiprone and investigate its spectral characteristics. This would enable a comparison of metal complexes formed by deferiprone, thiodeferiprone and selenodeferiprone. We expected that the selenium deferiprone analogue would have comparable or even better capability to bind metal ions than deferiprone or its sulfur analogue.
The research we have conducted was focused on developing a new method to synthesise the 3-hydroxy-1,2-dimethyl-4(1H)-pyridinethione (3-HDPT, thiodeferiprone) and synthesizing the unknown 3-hydroxy-1,2-dimethyl-4(1H)-pyridineselenone (3-HDPSe, selenodeferiprone). (Figure 2 ). Previously, hydroxypyridinethiones were obtained from 3-hydroxy-1,2-dimethyl-4(1H)-pyridinone by reaction with P 4 S 10 in solvent-free conditions. 10 Chaves et al. used Lawesson's reagent (LR), but with a relatively poor reaction yield, 12 possibly because they did not use a catalyst. In our work we have replaced the exocyclic oxygen atom with sulfur in deferiprone using Lawesson's reagent with hexamethyldisiloxane (HMDSO) as a catalyst under an inert gas.
There are few methods available to replace the exocyclic oxygen atom in heterocyclic compounds with selenium. [13] [14] [15] [16] Some require hydrogen selenide, which is highly toxic. In the case of many organic compounds it is possible to replace the oxygen atom by selenium using Woollins' reagent (WR). 17 Woollins' reagent is a selenium analogue of the Lawesson's reagent. It allows the safe introduction of selenium. The reaction to replace oxygen with selenium was conducted in toluene under nitrogen and with HMDSO as a catalyst (Scheme 1).
Scheme 1. Synthesis of thio-and selenodeferiprone.
An X-ray crystal structure analysis was carried out on the newly synthesized compounds and the molecular geometry was also studied with theoretical calculations. The results of these studies have been compared to the experimental data of structurally similar compounds found in the Cambridge Structural Database System. The theoretical NMR spectra were calculated and compared to the experimental data.
Results and Discussion
The mass spectra of the reaction products of the deferiprone thionation and selenation allows us to suggest that, in the measuring conditions, at temperature 280 C, in the gaseous phase thioand selenodeferiprone exhibit a tendency to form disulfide (3-HDPT-DIM) and diselenide (3-HDPSe-DIM) structures, as presented in Scheme 2.
The formation of such species for the sulfur deferiprone analogue was previously described by Monga et al. 18, 19 It was suggested that dimer formation is due to reaction with atmospheric oxygen in the presence of water. Because of considerable similarity between sulfur and selenium compounds we can assume that the same process occurs for the selenium analogue.
Scheme 2. Formation of disulfide and diselenide structures.
In the mass spectrum of the thionation reaction product there are two groups of peaks. One corresponds to the 3-HDPT structure, while the other to the 3-HDPT-DIM disulfide structure. The intensity of the 3-HDPT peak is five times higher then the intensity of that for 3-HDPT-DIM. By the same token, there are two groups of signals present in the mass spectrum of the selenation reaction product, however the intensity of diselenide peak was higher. The intensity of the 3-HDPSe-DIM peak is twice the intensity of the 3-HDPSe peak. This suggests that the diselenide derived from deferiprone is more stable than the respective disulfide forms. This possibility will be subjected to further tests.
The X-ray analysis of a selenated deferiprone crystal demonstrated that in the solid-phase the compound exists as a diselenide, 3-HDPSe-DIM being a zwitterion ( Figure 3 ). The existence of only the dimer form of 3-HDPSe-DIM in the crystal is probably a result of the very long crystallization time and the type of the solvent used. For recrystallization a 96% ethanol solution was used. Slow evaporation of the solvent and the contact with air lasted two weeks. The oxidative conditions led to complete conversion of monomer into dimer.
An overview of the asymmetric unit of 3-HDPSe-DIM with the atom numbering scheme is shown in Figure 4 . The experimental Se-Se and Se-C bond lengths of HDPSe are 2.329Å (calculated 2.379Å) and 1.902Å (calculated 1.923Å) respectively. The average values for these bonds found in the previously known structures are 2.393Å and 1.936Å respectively (Fig.5a, 5b) . The bond angle 101.8º (Se-Se-C) (calculated 101.25) is in agreement with the most frequently observed values for diselenide structures (Fig.5c) . Also the torsion angle -82.25º (calculated -88.54º) (C1-Se1-Se1-C1) has the value of one of the four most often found ranges in the crystal structures (Fig.5d) . The rms deviation for the atoms forming the plane of the six-membered ring (C1, N1, C2, C3, C4, C5) is 0.0152Å with the maximum deviation of 0.023(1)Å for C3, lying on one side of the plane, and 0.023(1)Å for C2 lying on the other side. The typical length of the double bond between oxygen and carbon atoms is 1.22Å, whereas for the single bond is 1.38Å. The measured C3-O1 bond length of 1.273(3)Å corresponds to its intermediate binding character. The angle between the two planes of aromatic moieties in diselenide molecule is 76.88º.
The packing of the molecules of 3-HDPSe in the unit cell can be characterized by intermolecular interactions listed in Table 1 . The molecule of 3-HDPSe-DIM makes only one type of the conventional hydrogen bond (O-H···O), formed by the phenolate oxygen atom of 3-HDPSe-DIM with the hydrogen atoms of water molecules. Each molecule of 3-HDPSe-DIM is connected with the neighbouring molecule of 3-HDPSe-DIM, via hydrogen bonds with three water molecules (Figure 6 ), forming the rings 20, 21 The molecules of water build the chain along the c axis. Each molecule of water forms one hydrogen bond with a molecule of 3-HDPSe and two hydrogen bonds with two other molecules of water (one hydrogen atom of water molecule in two positions with occupancy 0.5). 
NMR analysis
The NMR analysis of both derivatives clearly shows the presence of only a monomeric form of molecules in solution. The 1 H NMR spectra of the compounds investigated contain characteristic broad signal of OH protons (δ 6.8 for thio and δ 8.5 for a seleno derivative), whose presence is only possible for the monomeric form. Moreover, the chemical shifts of protons in the closest neighborhood of the nitrogen atom (N-methyl groups) are almost the same for both investigated compounds, indicating no differences between them in this fragment of molecule and thus supporting the lack of nitrogen atom ionisation for a seleno derivative in solution. Similar conclusions can be derived from the 13 C NMR spectra, in which only one set of signals for each derivative can be observed, with comparable chemical shifts. Minor changes can be attributed to the change of the sulfur atom to the selenium one in the carbonyl group.
Carbon and proton signals assignment was supported by HMBC and HSQC spectra analysis. Selenium spectrum shows only one signal (δ 246.67 ppm) indicating that there is only one population of selenium atoms. According to literature 22 chemical shifts of selenium atoms in aromatic diselenides are greater than 400 ppm whereas for selenocarbonyl group signals are spreaded over the whole range of selenium chemical shifts, depending on charge distribution and C=Se bond polarization. The highest values of chemical shifts are observed for compounds where there is no possibility for increasing the electron density on selenium atom i.e. aliphatic selenoketones (δ > 1600 ppm). Negative charge on selenium atom significantly increases shielding effect yielding lower chemical shift values. For selenodeferipron this can be achieved by the presence of second mesomeric form. This finding also can confirm the presence of selenodeferiprone in solution in only one monomeric form.
The comparison of the experimental and calculated chemical shifts in the NMR spectra for the monomeric forms of thio-and selenodeferiprone is presented in Figure 8 . In general, the calculated chemical shifts do not match the experimental values perfectly. However, small differences are reasonable on the employed level of theory. The overall consistency between the theoretical and the experimental chemical shifts support the above presented thesis of monomeric structures of the studied compounds in solution. The only significant discrepancy is observed for carbon atoms linked directly to the heavy sulfur (about 14 ppms) and especially selenium atoms (about 29 ppm). Such discrepancies can be clearly explained by so called "heavy atom effect on the light atom shielding", 23, 24 which is not included in the theoretical model used for our calculations. Similar difference between theory and experiment was observed previously for selenomaltol. 16 
Experimental Section
General. Lawesson's reagent used to obtain thiodeferiprone was synthesised according to the previously described procedure. 25 Other reagents of analytical grade were supplied by Sigma Aldrich and used without further purification. Melting points (uncorrected) were measured on a Boetius apparatus. Elemental analyses were determined on the Elementar Analysensysteme GmbH, CHNS Vario Micro Cube. The IR spectra were recorded with a Jasco FT IR-670 Plus spectrophotometer as KBr disks. The NMR spectra were measured in CDCl 3 on a Varian Mercury-VX 300 spectrometer operating at 300.08 MHz ( Se spectrum 20512 scans were acquired with spectral width of 38 kHz and 65 k data points. The MS analyses were carried out on an AmaZon ETD mass spectrometer (Bruker Daltonics, Bremen, Germany). The MS settings for the experiments were as follows: flow rate was set to 3 µl/min, heated capillary temperature was 280 °C, capillary voltage was 4.5 kV. Scan parameters: scan range 100-1000 m/z, positive ionization mode. CID fragmentation was carried out in the ion trap analyzer with the aid of helium gas. The collision energy was set to ca. 1 V. The samples were introduced into the mass spectrometer in a 
X-ray analysis
The crystals of the selenation product were obtained from ethanol by the slow evaporation of the solvent at room temperature. The yellow crystals appeared within two weeks. A single prismatic crystal of the selenation product suitable for the X-ray analysis was selected from the material prepared as described above. The intensity data were collected on the Bruker-Nonius Kappa CCD four circle diffractometer equipped with a Mo (0.71069 Å) Kα radiation source. The crystal data, details of data collection and structure refinement parameters are summarized in Table 2 . All non-hydrogen atoms were refined anisotropically using weighted full-matrix least-squares on F
2
. The hydrogen atoms involved in hydrogen-bonding were identified on the difference Fourier maps and refined with the geometrical restraints. All other hydrogen atoms bonded to carbons were included in the structure factor calculations at idealized positions. The structure was solved by direct methods using SHELXS and refined by SHELXL programs. 26 For the molecular graphics ORTEP-3 27 and MERCURY programs 28 were used.
Computational details
All theoretical calculations (geometries, NMR properties) were executed using the Gaussian'03 package. 29 The B3LYP hybrid DFT-HF functional 30 and the 6-311++G** basis set 31 were chosen as the appropriate level of theory. Structural optimizations were followed by frequency calculations in order to confirm the minimum nature of the calculated geometries. The NMR properties were calculated using the GIAO method at the same computational level.
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Conclusions
The work presents the method of synthesis of the new compound, the selenium deferiprone analogue and the improved method of obtaining thiodeferiprone. Positive results were achieved using organophosphorus reagents. Lawesson's reagent (2,4-bis(4-methoxyphenyl)-2,4-dithioxo-1,3,2,4-dithiadiphosphetane) was used to replace the oxygen atom with a sulfur atom and Woollins' reagent (2,4-diphenyl-1,3-diselenadiphosphetane-2,4-diselenide) to replace the oxygen atom with a selenium atom in deferiprone. The use of Lawesson's and Woollins' reagents allows the synthesis of thio-and selenodeferiprone safely and with good efficiency. Selenodeferiprone on contact with air is oxidized to the corresponding diselenide which was obtained as a solid. The diselenide units in the crystal are held together by hydrogen bonds through water molecules. In our opinion, the selenodeferiprone oxidation process to diselenide is very slow. The crystal growth took two weeks. It is possible that selenodeferiprone oxidized to diselenide at the time. The MS, IR, NMR and elemental analyses were conducted immediately after receiving the product, hence their results confirm the existence of selenodeferiprone. The X-ray and NMR data were compared with calculated values. The geometry of 3-HDPSe-DIM molecule determined on the basis of the X-ray analysis was in satisfactory concordance with the calculation results made using B3LYP/6-311++G** method. The chemical shift values in the 1 H NMR and 13 C NMR spectra calculated for monomers of thio-and selenodeferiprone are also generally in agreement with the experimental data.
